Transparent conductors are receiving an increasing interest due to the fast growth of the electronic and solar industry. Doped zinc oxide (ZnO) is emerging as an alternative to the commonly used Indium Tin Oxide (ITO) since it combines a high conductivity and excellent transparency with low cost, low toxicity, ease of fabrication and patterning. 1 On the last years, Zn-based multicomponent oxides (e.g., InGaZnO) have drawn great attention in the display industry because of their high electron mobility (>3 cm 2 /V s) at low carrier density (10 16 -10 18 cm −3 ), as compared to the commonly used amorphous silicon (∼1 cm 2 /V s). Numerous methods for the deposition of ZnO films have been proposed, including thermal chemical vapor deposition (CVD), plasma enhanced chemical vapor deposition (PE-CVD), temporal atomic layer deposition (ALD), magnetron sputtering, pulsed laser deposition, spray pyrolysis and sol-gel process. [2] [3] [4] [5] [6] [7] [8] [9] [10] The most common technology for the industrial deposition of doped ZnO films is sputtering. Low values of resistivity (∼4 10 −4 Ohm cm), high carrier mobility (∼50 cm 2 /V s) and high transparency in the visible range (>85%) have been achieved in doped ZnO films (e.g. ZnO:In) by sputtering. 11 However, sputtering suffers from a low deposition rate (∼ 0.1 nm/s), the presence of high energy species (e.g. ions) which can damage the substrate or induce defects in the film during the deposition process, and the difficulty in achieving excellent uniformity over large areas and non-flat substrates with the required film composition.
In recent years, the spatial-ALD technique has been developed with the aim of combining the advantages of temporal ALD, i.e. excellent control of film composition and uniformity on large area substrates, with high growth rates (up to nm/s). 12 Spatial ALD is emerging as an industrially scalable technique for the deposition of thin film electrodes (e.g., ZnO) and encapsulation (e.g., by Al 2 O 3 thin-films). 13, 14 ALD of doped ZnO is typically performed by alternating the selflimiting growth of binary oxide layers (e.g. In 2 O 3 or Al 2 O 3 and ZnO). Although this allows a precise control of the average film stoichiometry, the concentrations of different metal elements and the physical properties of the films can be strongly inhomogeneous along the growth direction. Various approaches have been proposed to control the spatial distribution of the doping elements, such as employing precursors with a low growth rate per cycle, a subsaturating dopant precursor exposure, a surface functionalization step or inducing steric hindrance effect. [15] [16] [17] [18] As reported in Ref. 19 the composition and electrical properties of spatial ALD ZnO:Al have been tuned accurately at high growth rates (>0.2 nm/s) by co-injecting the metal precursors. Following the same approach, ZnO:In have been grown by spatial ALD. The electrical, optical and structural properties of spatial ALD ZnO:In are presented in this paper. * Electrochemical Society Active Member.
z E-mail: andrea.illiberi@tno.nl Experimental A schematic of the atmospheric spatial-ALD reactor used for the deposition is shown in Fig. 1 . Two different inlets are installed in the circular reactor head, one for the metal precursors and another for the oxygen precursor. The substrate is placed on a circular table which can rotate underneath the reactor head (up to 50 Hz). During each rotation, the substrate is exposed sequentially to each precursor. Between and around the reactant inlets, shields of inert gas (N 2 ) separate the precursor flows and seal off the reaction zones, thus making the reactor completely decoupled from the environment, enabling operation under atmospheric pressure conditions. The entire reactor is installed in a conventional oven which can be heated up to 400
• C. Metal precursors and deionized water are evaporated from bubblers, by using argon as carrier gas and transported to the reactor head through heated lines, to prevent condensation. The DEZ and TMIn bubblers are kept at room temperature, while the H 2 O bubbler is heated up to 50
• C. The argon flow through the H 2 O bubbler is set at 1 slm, while the flow through the DEZ bubbler is set to 0 slm or 0.070 slm for the growth of In 2 O 3 or ZnO:In films, respectively. The In-content in the ZnO films is controlled by varying the argon flow through the TMIn bubbler from 0 to 0.220 slm. The flows from the DEZ and TMIn bubblers are mixed and injected in the deposition zone through the same inlet, after being diluted by argon. The dilution flow is adjusted from 0.710 to 0.930 slm, so that the total flow in the inlet is kept constant at 1 slm. The films have been deposited at a temperature of 200
• C. A rotation frequency of 1.7 Hz has been set, corresponding to an exposure time to both the metal precursors and to water of about 60 ms.
ZnO:In films have been deposited on 15 × 15 cm 2 glass substrates (Schott AF 32). The substrates have been cleaned by ethanol, rinsed by water and blow dried with nitrogen. The electrical properties and thickness of the films have been determined by using a Phystech RH 2010 Hall effect measurement, a Jandel universal 4-point probe and a Veeco Dektek 8 Advanced Development Profiler, respectively. Films optical properties have been measured in the near-ultraviolet, visible and near-infrared by a UV-3600 Shimadzu spectrophotometer. A Philips X-pert SR5068 powder diffractometer, equipped with a Cu-K α source, has been used to determine the crystallographic structure of the films. The stoichiometry of the films has been measured in a FEI Quanta 600 FEG SEM system equipped with an Energy Dispersive X-Ray (EDX) diagnostic tool. precursor. The GPC increases and it saturates when the Langmuir exposure is long enough to supply the metal precursor to the entire film surface, thus indicating that ZnO films are grow by an ALD mode. 13 At the saturation, a GPC of about 0.18 nm/cycles is found, which is similar to the growth rate reported for ZnO deposited by temporal ALD. 20, 21 As displayed in the inset of Fig. 2 , the film thickness increases linearly with the number of cycles for ZnO thin films. From the slope of this line, a growth per cycle (GPC) of ∼0.18 nm/cycles can be calculated, in agreement with previous results. A growth per cycle of 0.18 nm/cycles at a rotation frequency of 1.7 Hz results in a deposition rate of 0.3 nm/s, which is more than ten times faster than the deposition rate typically achieved by temporal ALD (∼ 0.01 nm/s) and comparable to the growth rate of industrially scalable deposition techniques, as PE-CVD and sputtering.
Results and Discussion
A very small growth per cycle (∼0.004 nm/cycle) is measured for In 2 O 3 films deposited by using TMIn and H 2 O at a substrate 22 Inatoms can be incorporated in ZnO films when exposing the "OHterminated surface" simultaneously to both DEZ and TMIn, resulting in the growth of ZnO:In films. Chemisorbed Zn atoms can catalyze the surface reactions between TMIn and OH-groups or promote the self-decomposition of TMIn, thus resulting in the incorporation of In-atoms in the films. 23 Oligomerization of the mixed DEZ and TMIn vapors could promote the incorporation of In the film. The kinetics of the surface reactions determining the metal composition of the films for different values of TMIn partial pressure is currently under investigation and will be described in a future publication.
As reported in Table I , the In-content in ZnO films varies from 0 to 23%, when increasing the TMIn partial pressure from 0 to 0.38 mbar, respectively, at a constant value of DEZ partial pressure of 1.96 mbar. Fig. 3 shows the XPS spectra of Zn 2p 3/2 , O 1s, In 3d 5/2 , In 3d 3/2 and C 1s regions measured in InZnO with In/(Zn+In) = 17%, which is comparable to the value of 16% determined by the EDX technique. The carbon concentration is found to be below the detection limit, after sputter removal of the top layers that were exposed to atmosphere. The O 1s region shows a characteristic peak at 530.3 eV while In 3d 5/2 and Zn 2p 3/2 peaks are centered at 444.6 and 1021.70 eV, respectively, indicating that the film consists of ZnO and In 2 O 3 . 24, 25 XRD spectra of the films are shown in Fig. 4 . Films with low indium content (<15%) had a polycrystalline structure, characterized by the presence of different crystallographic orientations, i.e. (100), (002), (101) and (110). The quality of the ZnO crystalline lattice degrades with increasing In-content from 0 to 5%, as indicated by a decrease in peak intensities and a shift of the peaks positions toward lower angles. The latter fact indicates that tensile stress is induced in ZnO films by the incorporation of In-atoms, possibly due to the formation of crystallographic defects (e.g., zinc vacancies or interstitials). A further increase in In-content (i.e. In/[Zn+In] >15%) results in films with an amorphous structure. The deposition of amorphous InZnO by sputtering has been recently reported. 26 A transition from polycrystalline to amorphous morphology is typically observed in sputtered InZnO for an indium content of ∼40%. 27 For the deposition conditions reported in this paper, In atoms can be incorporated in spatial ALD ZnO, but they are not available as surface sites for consecutive film growth. In atoms or oligomers containing In atoms can disrupt the local growth of ZnO crystals, thus inducing a transition to an amorphous phase at a much lower In content than reported for sputtering.
The effect of In-incorporation on the electrical properties of ZnO thin films is shown in Fig. 5 . The resistivity (ρ) is defined as: ρ = R · d, where the sheet resistance (R) is determined from four point probe measurements and the thickness (d) is obtained using a step profiler. The resistivity decreases sharply with increasing In content, passing from a value of 5 · cm for undoped ZnO to a minimum value of 3 m · cm for In/[In+Zn] = 5.9%. A further increase in In-content up to 23% results in a partial increase of the resistivity up to a value of 7 m · cm. The corresponding values of carrier concentration and mobility are also plotted in Fig. 5 . With the In-content increasing from 0 to 5.9%, the value of carrier density increases sharply from 5 · 10 18 cm −3 to 6 · 10 20 cm −3 , respectively, thus proving that In-atoms in the ZnO lattice act as dopants.
Assuming that one In-atom donates at maximum one free electron, the doping efficiency (ζ) can be calculated as:
with N e is the carrier density of ZnO:In and N e0 that in i-ZnO as evaluated by Hall measurements, In % the indium content as determined by EDX technique, σ the ZnO density which is taken to be the bulk density (5.606 g/cm 3 ), M mol the molar mass of ZnO (81.4 g/mol) and N A being Avogadro's constant. A maximum doping Films with In/[In+Zn] >15% have an amorphous structure and a low value of resistivity (<7 m · cm), as also reported in Ref. 27 . The transition from polycrystalline to amorphous morphology induces a slight decrease of carrier density from 6 · 10 20 cm −3 to 3 · 10 20 cm −3 , respectively, possibility due to the creation of additional defects in amorphous films, which act as carrier traps. A low value of mobility (between 3 and 5 cm 2 /V s) is measured in ZnO:In possibly due to the high density of ionized impurities, acting as scattering centers for the charge carriers. 1 The optical properties of ZnO:In films have been investigated by measuring the transmission spectrum in the wavelength range 280-2400 nm. All the films are highly transparent (>85%) in the visible range, with respect to the glass substrate. As shown in Fig. 6 , the transparency in the near-infrared range decreases with increasing In/(In+Zn) ratio from 0 to 6% due to a higher free carrier absorption. With further increasing In/(In+Zn) up to 25%, the near infrared transparency increases which can be ascribed to the reduced carrier density, as shown in Fig. 5 .
Conclusions
In-doped ZnO films have been grown by the spatial-ALD technique at atmospheric pressure using co-injection of the vaporized metal precursors (DEZ and TMIn). Growth rates as high 0.1 nm/s has been obtained for ZnO:In films, which are more than ten times faster than what is typically reported for the temporal ALD case (∼0.01 nm/s). The In-content in ZnO films (i.e. In/[In+Zn]) has been varied, ranging from 0 to 23%, by varying the partial pressure of the In-precursor (i.e. TMIn). A minimum resistivity value of 3 m · cm has been found for ZnO:In films with In/(In+Zn) = 6%, corresponding to a carrier density of 6 · 10 20 cm −3 and a mobility of 3 cm 2 /V s. All the films were highly transparent (>80%) in the visible range. The morphology of the films changes from polycrystalline to amorphous in In-rich films (i.e., In/[In+Zn] > 15%), while maintaining a low resistivity value (<7 m · cm). A deeper understanding of the kinetics of the surface reactions is necessary to further optimize the electrical properties of ZnO:In, possibly achieving very low values of resistivity (<1 mOhm cm). Results presented in this paper show that spatial-ALD has the potentiality to become a disruptive manufacturing method for the ZnO-based industry by combining a control of the film composition, morphology and electrical properties with high deposition rates (>0.2 nm/s) over large areas.
